Novel and biofunctional oligosaccharides have been synthesized by using transglycosylation of various hydrolases. The combination of many kinds of sugars and linkages makes it possible to produce a number of available oligosaccharides. However, there are few reports concerned with the synthesis of oligosaccharides linked with the glycosidic bond such as cello oligosaccharide. For developing this, the application of transglycosylation performed by cellulase may be the most effective.
For developing this, the application of transglycosylation performed by cellulase may be the most effective.
On the cellulose degradation, cellulases are divided into the major three groups: endo type cellulase (EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91) and glucosidase (EC 3.2.1.21). Among these, it is known a certain glucosidase exhibits not only cellulose degradation but also glucosyl transfer with 1,2, 1,3 and 1,6 as well as 1,4 bonds. For this reactivity, glucosidase has been utilized for synthesis of glucosides linked with various bonds. 6, 7) However it is expected that a new catalyst showing higher acceptor and linkage specificities to form favorite oligosaccharides more abundantly will be found.
On the other hand, the structural analysis of transfer products provides some information about the action pattern of cellulase. There has been discussion about the hydrolysis mode of cellulose molecule, from the reducing or nonreducing end, performed by cellobiohydrolase using several methods. 2, 8, 9) However, about the directionality in hydrolysis in CBH I from T. reesei has been disputed. 2, 9) Additionally, it is interesting to compare the transglycosylation behavior between exo and endo type cellulases. In this study, we have compared the potential of cellulases for transglycosyl reaction and investigated acceptor specificity.
MATERIALS AND METHODS
Enzyme sources. All enzymes used in this study were purified from commercial enzyme preparations. CBH I, CBH II and EG II were obtained from Sumizyme C (from T. reesei, Shin Nihon Chemical Co., Ltd.). 10, 11) Ex 1 and Exo A were also purified from Driselase (from I. lacteus, Kyowa Hakko Co., Ltd.) and Sumizyme AC (from A. niger, Shin Nihon Chemical Co., Ltd.), respectively. 12, 13) Substrates. Cello oligosaccharides and pNP glycosides used in this experiment were purchased from Seikagaku Kogyo Co., Ltd. Reduced cello oligosaccharides were prepared by the method of Barr et al . 8) Transglycosylation reaction. The reaction was carried out at 30 C in 4.2 M enzyme and 12.5 mM acetate buffer (CBH I, pH 4.0; CBH II, pH 4.5; Ex 1, pH 5.0; and EG II, pH 4.5) or 12.5 mM citrate HCl buffer (Exo A, pH 3.0) containing 1.25 mM G3 and 5 mM pNPG1 as a donor and an acceptor, respectively. The amount of pNP released was determined at 420 nm after 1.0 mL of 1.0 wt% Na2CO3 and 2.0 mL of distilled water were added to 0.4 mL of the reaction mixture.
Analysis and purification of transglycosylation products. In order to analyze and purify the transfer products, thin layer chromatography (TLC) and HPLC were used. TLC was developed twice on silica gel 60 plate (Merck Co., Ltd.) with a solvent system of chloroform: methanol: water (90: 65: 15, v v) at 30 C. After spraying 50% sulfuric acid, products were detected by heating at 120 C for 15 min. To determine the sugar content, the TLC plate was subjected to chromato scanning (Shimadzu CS 930U 03). HPLC analysis was also done at 280 nm with a JASCO 801 SC system controller, 880 PU intelligent pump, 875 UV intelligent UV VIS detector, and TSKgel G Oligo PW column connected with a TSK guard column Oligo (Tosoh Co., Ltd.). Elution was carried out at 0.5 mL min with distilled water at 60 C. NMR analysis. 1 H and 13 C NMR analysis were performed with a JEOL JNM LA 500 NMR system determining at 500 MHz. Chemical shifts were determined as compared with sodium 3 (trimethylsilyl) propionate as an internal standard.
Analysis of transglycosylation mechanism. To elucidate the transglycosylation mechanism of CBH I, the mode of action toward G3 was estimated using cellotritol (G3H) as a substrate. 1.25 mM G3H was incubated with 4.2 M CBH I in 12.5 mM acetate buffer (pH 4.0) for 3 h at 30 C. The produced reducing sugar and G1 were determined by the Somogyi Nelson 14) and the glucose oxidase methods using a Glu AR II kit (Wako Pure Chemical Industries, Ltd.), respectively. The cleavage frequency between the first and second linkages of G3H was given on the basis of the molar ratio between G1 and G2.
Acceptor specificity. The capacity of cellulases for transglycosylation to various pNP glycosides was determined. The experimental conditions were the same as described above, except various kinds of pNP glycosides were used instead of pNPG1 as acceptors. After incubation for 3 h (CBH I) and 75 h (EG II) at 30 C, it was analyzed by using TLC.
RESULTS

Determination of transglycosylation reactions.
To investigate the occurrence of transglycosylation, exo and endo type cellulases were incubated with pNPG1 and G3. As shown in Fig. 1 , all exo type cellulases except CBH II released pNP in the presence of G3, but it was not detected without G3. The amount of pNP was almost equal until 3 h among three cellulases, but the difference appeared after that.
In TLC analysis, two transfer products were detected in the initial stage in CBH I and Exo A (Fig. 2) . The mobilities of each products produced by CBH I and Exo A on TLC were identical and it might be assumed that they had the same structure. One was estimated to be pNPG3 comparing with the authentic glycosides, the other, termed Product A, was detected above the position of pNPG3. CBH I accumulated these products most at 3 h and the amount was about twice as much as Exo A. In the following incubation, they disappeared gradually.
On the other hand, EG II produced three transfer products in the presence and absence of G3 (Fig. 2 ). This indicates that pNPG1 worked as a donor and an acceptor. From these results, the following reaction was carried out without G3. One of these corresponded with pNPG2, and the others, termed Product B (positioned between pNPG2 and pNPG3) and Product C (positioned above pNPG2), were estimated to contain linkages other than the 1,4 bond. In particular, Products B was accumulated most without degradation by EG II.
To obtain the transfer products abundantly, the efficient conditions for CBH I and EG II were examined. As shown in Fig. 3A a, pNPG3 and Product A were accumulated most at 3 h, and the ratio of them was always kept constant at 1: 0.9. In EG II, the maximum was observed at 75 , 50 and 25 h for Products B, C and pNPG2, respectively. With fixing the incubation time at 3 h (CBH I) and 75 h (EG II), the donor and the acceptor concentrations were varied. CBH I released pNP at the higher concentration of pNPG1, and the spots of Product A and pNPG3 appeared on TLC at 2.0 mM pNPG1 (Fig. 3A b) . When G3 concentration was varied, the released pNP kept constant (A420 0.26) at over 0.5 mM G3, and the transfer products were detected at 0.75 mM G3 (Fig. 3A c) . On the other hand, as shown in Fig. 3B b, EG II produced Products B, C and pNPG2 with an increase of pNPG1 concentration. From these results, the reaction conditions were established as follows; 4.2 M enzyme, 7.5 mM pNPG1, 1.25 mM G3, incubation for 3 h (CBH I), and 75 h without G3 (EG II).
Purification of the transfer products.
The reaction mixture (40 mL) incubated with CBH I under the above conditions was lyophilized and dissolved in 500 L of distilled water. After centrifugation, the supernatant was subjected to HPLC. The mixture of Product A and pNPG3 was co eluted as a single peak. To remove pNPG3 from the mixture, it was degraded into pNPG1 and G2 by addition of CBH II. After incubation for 1 h at 30 C, it was heat denatured and subjected to HPLC again. The peak containing only Product A was pooled and the purity confirmed by TLC analysis. The purified Product A obtained measured 0.8 mg. The reaction mixture containing 1.25 mM G3 and 5 mM pNPG1 was incubated with 4.2 M exo type cellulase. , CBH I;
, CBH II; , Ex I; , Ex A.
Products B and C formed by EG II were also purified in the same manner. The reaction mixture (60 mL) was subjected to HPLC as described above. Product B was eluted as a single, and Product C and pNPG2 were co eluted. Each was pooled and the latter was incubated with CBH I for 18 h at 30 C to degrade pNPG2 into pNP and G2. It was subjected to HPLC again. The peak containing Product C was pooled and the purity confirmed by using TLC. The purified Products B and C obtained were 7.5 and 1.7 mg, respectively.
Structural analysis.
The structures of Products A, B and C were determined by 1 H and 13 C NMR. All chemical shifts were determined by HMBC and COSY analysis. Table 1 and Fig. 4 gave the 13 C NMR assignments and the structures of its three transfer products. In all products, the assignment of pNP was found around 100 150 ppm. In analysis of Product A by 1 H NMR, the signals of glycosidic proton (H 1) were assigned at 4. The reaction mixture (100 L) shown in Fig. 1 was subjected to analysis. EG II was incubated without G3. Arrows indicate the transfer products. S, standard.
Fig. 3. Effects of incubation time (a), pNPG1 (b) and G3 (c)
concentrations on transglycosylation.
The other conditions were fixed as follows, 1.25 mM G3, 7.5 mM pNPG1, 4.2 M cellulase, incubation for 3 h or 72 h with CBH I (A) or EG II (B), respectively. EG II was incubated without G3. The amounts of the products were determined by chromato scanning of TLC. , Product A; , Product B; , Product C; , pNPG3; , pNPG2; , pNP at 420 nm.
showed cross peaks for the glycosidic proton in HMBC spectra (data not shown). From these results, the structure of Product A was suggested to be 3 O D cellobiosyl pNP D glucoside in which cellobiose attached to pNPG1 with a 1,3 glycosidic bond as shown in Fig. 4 .
On the other hand, in analysis of Products B and C, two glycosidic protons were assigned at 4.5 and 5.3 ppm for Product B, and 5.22 and 5.24 ppm for Product C (data not shown). These coupling constants (J 7.9, 7.7 Hz, and 8.0, 8.0 Hz, respectively) were as large as those of configurations. The 13 C NMR assignments of each product were similar to those of gentiobiose and laminaribiose. Additionally, it was supported that Products B and C contained 1,6 and 1,3 glycosidic bonds in their conformations, respectively, since the cross peaks between H 6 of Glc 1 and C 1 of Glc 2 (Product B), and H 3 of Glc 1 and C 1 of Glc 2 (Product C) were observed in the HMBC spectra (data not shown). As shown in Fig. 4 , the structures of Products B and C were determined to be pNP D gentiobioside and pNP D laminaribioside.
Analysis of transglycosylation mechanisms.
In the hydrolysis of G3H at the concentration of 1.25 mM, CBH I produced G2 and sorbitol (data not shown). This indicates that CBH I cleaved the first linkage from the modified reducing end of G3H. Furthermore, CBH I hydrolyzed perfectly the first linkage at 0 , 0.5 and 1.0 mM of G3H. But the degradation of the second linkage increased slightly at the higher concentration of G3H. The cleavage frequencies at 3.0 and 5.0 mM G3H were 95.7: 4.3 and 93.1: 6.9 (first: second linkage), respectively.
Acceptor specificities.
As shown in Fig. 5 The values underlined correspond to the carbons involved in the glycosidic bond. The indication of Glc followed as shown in Fig. 4.   Fig. 4 . The structures of Products A, B and C. in both enzymes, pNP was not released from any pNP glycosides except pNPG1.
DISCUSSION
In this study, G3 and pNPG1 were used as a donor and an acceptor for transglycosylation of exo and endo type cellulases. This made it easy to identify transfer products distinguished from hydrolytic products on TLC analysis. Additionally, the released pNP indicated the occurrence of transglycosylation and hydrolysis of its product. This study revealed that all exo type cellulases except CBH II performed transglycosylation with release of pNP.
Among exo type cellulases, CBH I, Ex 1 and Exo A were suggested as the retaining enzyme that performed transglycosylation. 15 17) But the accumulation of transfer products was observed only in CBH I and Exo A. The maximum accumulation times in both enzymes might be related to the activity for G3 hydrolysis. CBH I, hydrolyzed G3 within 12 h, accumulated the transfer products most at 3 h, and Exo A which hydrolyzed G3 rapidly for 6 h accumulated them at 1 h. As compared with these enzymes, Ex 1 and CBH II did not accumulate transfer products. Kanda et al . reported that Ex 1 produced a small amount of 14 C labeled G3 during incubation with G3 as a donor and 14 C labeled G1 as an acceptor. 1) From these results, it may be considered that Ex 1 had higher hydrolytic activity toward the transfer product than transglycosylation activity. In particular, it was reported that Ex 1 had higher hydrolytic activity toward (1 3),(1 4) D glucan than other exo type cellulases. 13) On the other hand, CBH II was found as the inverting enzyme performing the reaction by the single displacement mechanism without transglycosylation. 18) In order to investigate the transglycosylation mechanism of CBH I, the mode of G3 hydrolysis was estimated by using G3H as a substrate. At 1.25 mM of G3H, CBH I degraded almost all the first linkage from the modified reducing end. This indicates that the two products, Product A and pNPG3, were synthesized by the transfer of cellobiosyl units produced from the non reducing end of G3 to pNPG1 with 1,4 and 1,3 glycosidic bonds, respectively. This transglycosylation behavior is also similar to that of Ex 1 reported by Kanda et al . 1) Harjunpa a et al . 2) and Vrs anska and Biely. 9) reported that CBH I from T. reesei changed the action pattern against G3 depending on the substrate concentration. In this study, it also changed in the same manner, but the frequency cleaved at the first linkage from the reducing end was higher comparerd with those reported. 2, 9) This might be due to the use of G3H instead of G3.
In the transglycosylation of EG II, three transfer products were synthesized by the glucosyl transfer to pNPG1 with 1,6, 1,3 and 1,4 glycosidic bonds, respectively. These behaviors were closely similar to that of glucosidase, 5, 19) but no contamination of glucosidase was confirmed using G2 or pNP D xyloside as substrate. 20) Among these products, Product B containing a 1,6 bond was in particular accumulated without degradation. It is worth noting that the formation of such resistant bonds against the following hydrolysis was synthesized by transglycosylation. Among fungal endo type cellulases, EG II is classified into the intermediate enzyme between endo and exo type cellulases in decrease of polymerization during hydrolysis of crystalline cellulose. 11, 21) In addition, EG II is the only endo type cellulase which hydrolyzes G3 into G2 and G1. 21) In the hydrolysis of cello oligosaccharides, EG II produced mainly G2 with a small amount of G1. 21) In this case, the main transfer product was expected to be pNPG3, when pNPG1 was used as acceptor. But the accumulation of pNPG3 was not observed, since the hydrolysis rate is much higher than that for Products B, C or pNPG2.
From the study of acceptor specificity, various pNP glycosides were available for synthesis of transfer products as acceptors. In particular, CBH I performed transglycosylation to five kinds of pNP glycosides. Most of them were configuration for anomeric center except pNP D galactoside. On the other hand, EG II was able to use pNP D galactoside and pNPG1 as acceptors. It was noticeable that pNP glycosides with configuration worked as acceptors on exo and endo cellulases.
In transglycosylation, the acceptor locates on a subsite positioned at the reducing end of the catalytic site. When pNP glycoside was used as the acceptor instead of cello olligosaccharides, it was assumed that the pNP group disturbed the normal binding of acceptor on subsite. In this case, the subsite distorted by unusual binding might cause the formation of an unexpected 1,6 bond and broad acceptor specificity. The importance of anomeric configuration on the regioselectivity for cellulase was reported previously, when cello oligosaccharides was hydrolyzed. 3, 22) But the selectivity against pNP derivatives in each subsite was not reported.
In a following experiment, it is expected the structures of the transfer products synthesized from pNP D galactoside and other pNP glycosides can be determined. Further, these transfer activities may be available for the synthesis of various linked and mix linked saccharides, and for the study of various glycosidases.
